CLASP Interacts with Sorting Nexin 1 to Link Microtubules and Auxin Transport via PIN2 Recycling in Arabidopsis thaliana  by Ambrose, Chris et al.
Developmental Cell
ArticleCLASP Interacts with Sorting Nexin 1
to Link Microtubules and Auxin Transport
via PIN2 Recycling in Arabidopsis thaliana
Chris Ambrose,1 Yuan Ruan,1 John Gardiner,2 Laura M. Tamblyn,1 Amanda Catching,1 Viktor Kirik,3 Jan Marc,2
Robyn Overall,2 and Geoffrey O. Wasteneys1,*
1Department of Botany, The University of British Columbia, Vancouver, British Columbia V6T 1Z4, Canada
2School of Biological Sciences, University of Sydney, Sydney, New South Wales 2006, Australia
3School of Biological Sciences, Illinois State University, Normal, IL 61790-4120, USA
*Correspondence: geoffrey.wasteneys@ubc.ca
http://dx.doi.org/10.1016/j.devcel.2013.02.007SUMMARY
Polarized movement of auxin generates concentra-
tion gradients within plant tissues to control cell
division patterns and growth direction bymodulating
microtubule organization. In this study, we identify
a reverse mechanism, wherein microtubules influ-
ence polar auxin transport. We show that the micro-
tubule-associated protein CLASP interacts with the
retromer component sorting nexin 1 (SNX1) to
mediate an association between endosomes and
microtubules. clasp-1 null mutants display aberrant
SNX1 endosomes, as do wild-type plants treated
with microtubule-depolymerizing drugs. Consistent
with SNX1’s role in trafficking of the auxin efflux
carrier PIN-FORMED2 (PIN2), clasp-1 mutant plants
have enhanced PIN2 degradation, and PIN2 move-
ment to lytic vacuoles is rapidly induced by depoly-
merization of microtubules. clasp-1 mutants display
aberrant auxin distribution and exhibit numerous
auxin-related phenotypes. In addition to mechanisti-
cally linking auxin transport and microtubules, our
data identify a ubiquitous endosome-microtubule
association in plants.
INTRODUCTION
In plants, microtubules (MTs) and microfilaments are important
mediators of growth and development. In response to myriad
morphological, developmental, and environmental cues, these
cytoskeletal structures undergo dynamic reorganizations that
facilitate normal cellular function, identity, and differentiation.
In many developmental and environmental contexts, plant
hormones are important regulators of cytoskeletal organization
and function.
The growth hormone auxin modulates essential processes,
including pattern formation, meristem identity, and growth
responses. Auxin is synthesized primarily in the shoot apex
and subsequently moves toward the root, forming concentration
gradients. The distribution of auxin in tissues is mediated by
plasma membrane-bound carrier proteins, which move auxin
into and out of cells. In accordance with the directional transportDeveloof auxin, several of these carriers are enriched at cell ends
in polarized tissues, thus facilitating directional flux of auxin
(Ga¨lweiler et al., 1998).
Numerous studies show that both microfilaments and MTs
respond to auxin and appear to play a role in the trafficking of
auxin carrier proteins, although the mechanisms involved are
not understood (Wasteneys and Collings, 2007). For example,
the actin cytoskeleton is not required for maintaining the prees-
tablished polar localization of the auxin efflux carriers PIN-
FORMED 1 (PIN1) and PIN2 (Boutte´ et al., 2006; Geldner et al.,
2001; Rahman et al., 2007) but does play a role in repolarization
of PINs. This includes repolarization after brefeldin A (BFA)-
induced depolarization (Geldner et al., 2001) and gravity-
induced redistribution of PIN3 to lateral cell membranes (Friml
et al., 2002).
Whether or not MTs directly contribute to auxin carrier protein
localizations is far less clear. Short-term treatments with oryzalin
to remove MTs show little to no effect on PIN1 or PIN2 polarity
(Boutte´ et al., 2006; Geldner et al., 2001), whereas prolonged
MT disruption has been reported to induce polarity reversals of
PINs (Boutte´ et al., 2006; Kleine-Vehn et al., 2008b). However,
these changes in PIN polarities could be an indirect effect of
tissue depolarization, which results from the aberrations in cell
division and expansion (Boutte´ et al., 2006; Wasteneys and
Collings, 2007). Similarly, prolonged MT disruption influences
cell wall properties, which have been shown to play a role in
maintaining PIN polarities (Feraru et al., 2011). Thus, the debate
centers on whether effects of MT drugs on PIN polarities
are direct (i.e., involving MT-MT interactions) or indirect (i.e.,
involving downstream signals following MT depolymerization).
We sought to explore the connection between MTs and
auxin transport through genetic strategies. Of manyMT-affected
mutants studied to date, clasp-1mutants, which lack expression
of the CLASP MT-associated protein, appear to be unique. They
display a range of phenotypes characteristic of plants with
auxin-related defects, including abundant lateral roots, reduced
apical dominance, and a reduction in root apical meristem size
(Ambrose et al., 2007; Kirik et al., 2007). Moreover, CLASP’s
role in helping MTs grow around sharp cell edges (Ambrose
et al., 2011) includes the generation of longitudinal MTs during
auxin-induced division plane switches in roots (Dhonukshe
et al., 2012).
In our current study, we describe aMT-dependent mechanism
that controls the abundance of PIN2 in cells. We show that bypmental Cell 24, 649–659, March 25, 2013 ª2013 Elsevier Inc. 649
Figure 1. CLASP Interacts with SNX1
(A and B) Structural model of SNX1 generated by Zhang I-Tasser server (A) and
schematic (B). PHOX domain, the lipid-binding domain, is the long a helix
highlighted red. The interaction site with CLASP is from amino acids 134–219
based on Y2H assay and is labeled green.
(C–G) BiFC assay of the interaction between CLASP and SNX1 in Arabidopsis
cotyledon epidermal cells. CLASP and SNX1 were fused at their N or C termini
to the N or C termini of split YFP (NYFP or CYFP). (C) Control NYFP and CYFP,
(D) positive control CYFP-PHS1 and NYFP-MPK18, (E) full-length CYFP-SNX1
and NYFP-CLASP, (F) CLASP-NYFP and CYFP-SNX1134-219, and (G) CYFP-
CLASP and SNX1134-219-NYFP. The YFP signal in (F) and (G) is distributed
along cortical MTs, resembling the punctate localization pattern of CLASP.
(H) GFP-SNX1134-219 is associated with MTs in WT but not in mutants lacking
CLASP (clasp-1). Cotyledon epidermal cells are shown and were transfected
as described in Experimental Procedures.
Scale bars, 10 mm. See also Table S1.
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650 Developmental Cell 24, 649–659, March 25, 2013 ª2013 Elsevierdirectly interacting with the retromer component sorting nexin
1 (SNX1), CLASP promotes endocytic recycling of PIN2 and
restricts its degradation.
RESULTS
SNX1 Interacts with CLASP
In order to find potential CLASP-interacting proteins, we carried
out yeast two-hybrid screens using CLASP as bait (Table S1
available online; see Experimental Procedures for details). We
identified SNX1 as a putative CLASP-interacting protein. SNX1
is a key component of the retromer, which is a conserved multi-
protein complex involved in endosomal recycling of membrane
proteins (Seaman, 2005). As shown in Figures 1A and 1B,
SNX1 is 402 amino acids in length and has an N-terminal
PHOX domain, which confers binding to phosphoinositide-
enriched membranes, and a C-terminal BAR domain incorpo-
rating a coiled coil, which is responsible for dimerizing SNX1
with SNX2a and SNX2b (Seaman, 2005). In addition to a near
full-length SNX1 (amino acids 12–402), two fragments of SNX1
also were also found: the C-terminal half (amino acids 146–
402) as well as a small central fragment (amino acids 134–219),
which spans the regions between the PHOX and BAR domain,
and partially extends into the BAR domain (Figure 1B).
To confirm CLASP-SNX1 interaction, we performed
bimolecular fluorescence complementation (BiFC) using tran-
sient expression in Arabidopsis leaf epidermal cells. Control
NYFP/CYFP combinations did not produce fluorescence (Fig-
ure 1C), whereas a positive control using CYFP-PHS1 and
NYFP-MPK18 (Walia et al., 2009) confirmed that the transient
expression assay system worked reliably (Figure 1D). Co-
transfection with full-length SNX1-CYFP and CLASP-NYFP
produced YFP fluorescence along cortical MTs (Figure 1E).
The nonuniform, punctate labeling along MTs was character-
istic of GFP-CLASP in expanded cells (Ambrose et al., 2007;
Kirik et al., 2007).
Central Region between PHOX and BAR Domains
of SNX1 Confers Interaction with CLASP
We observed a similar punctate fluorescence pattern along
MTs upon cotransfection with CLASP-NYFP and the small
central fragment SNX1134-219 (Figures 1F and 1G), suggesting
that the region between the PHOX and BAR domain is the
CLASP-interacting domain. We verified this by expressing
a GFP-SNX1134-219 reporter construct in wild-type (WT) plants
and clasp-1 mutants. GFP-SNX1134-219 decorated MTs and
formed large dots in WT, whereas in clasp-1, the GFP-
SNX1134-219 fluorescence was cytosolic, with neither the MT
nor the dot localization (Figure 1H). The dots that were labeled
in WT plants did not appear to be vesicles as judged by their
static positions and varied sizes/intensities. Taken together,
our Y2H, BiFC, and GFP-SNX1134-219 reporter experiments
demonstrate that CLASP interacts with SNX1 and that this
directs SNX1 to MTs.
CLASP Stabilizes SNX1 Endosomes
To address the functional relationship between MT-associated
CLASP and retromer-associated SNX1, we analyzed the
behavior of SNX1-associated vesicles in clasp-1 null mutantsInc.
Figure 2. CLASP and MTs Stabilize SNX1 Vesicles
(A–C) Root tip cells of WT and clasp-1 plants expressing pSNX1::SNX1-GFP. Visualization of SNX1-GFP in clasp-1 root tips requires increasing brightness
(postacquisition) for morphology comparisons.
(A) Sample region of root tips pseudocolored for comparison (original and increased brightness images shown for clasp-1).
(B) SNX1-GFP in WT and clasp-1 mutant root tips. SNX1-GFP in clasp-1 root tips is increased in brightness for visibility. In clasp-1, diffuse SNX1-GFP signal is
higher relative to vesicular signal than for WT, and vesicles are less numerous. Gray, SNX1-GFP; blue, propidium iodide. Arrowheads point to typical robust
vesicle in WT, and typical weak vesicle in clasp-1.
(C) Root elongation zone of WT versus clasp-1 plants expressing SNX1-GFP. Fluorescence is diffuse in clasp-1, and vesicles are less numerous. Arrowheads
point to vesicle in WT, and diffuse region in clasp-1.
(D–F) clasp-1 mutants exhibit reduced vesicle (ves.) number compared to WT (p% 0.0001, t test; n = 8 WT roots [80 cells total] and 10 clasp-1 roots [100 cells
total]) (D); reduced signal-to-noise ratio (p% 0.0001, t test; n = 4 WT roots [38 cells total] and 4 clasp-1 roots [35 cells total]) (E); and shorter lifetimes (p = 0.0013,
t test; n = 3 WT roots [52 vesicles tracked] and 3 clasp-1 roots [65 vesicles tracked]) (F). Data are taken from root tip epidermal division zone cells. All data are
mean ± SEM.
(G) Abnormal SNX1-RFP vesicles in WT roots treated with oryzalin (100 mM, 20 min). Control is 0.1% DMSO for 30 min.
Scale bars, 5 mm.
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used to describe SNX1 endosomes (Jaillais et al., 2006). The
distribution of SNX1-GFP showed abnormalities at both theDevelotissue and cell levels in clasp-1. SNX1-GFP fluorescence inten-
sity levels were drastically reduced in clasp-1 root tips (Fig-
ure 2A). In contrast to the normal punctate SNX1-GFP vesiclespmental Cell 24, 649–659, March 25, 2013 ª2013 Elsevier Inc. 651
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vesicles were less numerous and varied in shape and size
(Figures 2B and 2C). This resulted in an increased ratio of
cytosolic-to-vesicular fluorescence. Quantification showed an
approximate 75% reduction in vesicle number (Figure 2D) and
an approximate 40% reduction in the endosomal signal-to-
cytosolic background ratio (Figure 2E). SNX1-GFP vesicles in
clasp-1 also displayed decreased lifetimes as assessed by their
residence times in 4D (XYZT) confocal time series (Figure 2F). In
some cases, clasp-1 root cells contained enlarged bodies
of SNX1-GFP, often surrounding the nuclei. These, however,
were difficult to distinguish from the autofluorescence seen
when using higher-sensitivity imaging.
Depolymerization of MTs with oryzalin showed clasp-1-like
effects on SNX1 endosomes. Short-term treatments with
relatively high concentrations (10–30 min, 100 mM oryzalin), de-
signed to avoid potential side effects on vesicle properties,
induced a marked reduction in endosome number and SNX1-
RFP fluorescence and increased cytosolic background fluores-
cence relative to mock-treated controls (Figure 2G). Taken
together, these data indicate a role for CLASP and MTs in main-
taining SNX1 vesicle morphology and stability.
SNX1 Endosomes Associate with CLASP and MTs
Given the requirement of CLASP and MTs for SNX1 vesicle
stability, we predicted that SNX1 vesicles would associate with
CLASP and MTs. To test this, we stably coexpressed full-length
SNX1-RFP along with either GFP-CLASP or the MT reporter
GFP-TUB6. SNX1-RFP and GFP-CLASP expression was driven
by their native promoters (Ambrose et al., 2011; Jaillais et al.,
2006), whereas the GFP-TUB6 expression was driven by the
constitutive promoter from cauliflower mosaic virus 35 s (Naka-
mura et al., 2004).
Using 4D time-lapse imaging, we found a close and dynamic
association between the SNX1-RFP-labeled vesicles and GFP-
TUB6-labeled MTs, which are pseudocolored green and red,
respectively, in Figure 3A for better contrast (Movie S1). Vesicles
typically remained in contact with MTs and hopped between
them. Tubulations along MTs were also common (indicated by
green lines in Figure 3A). Using the endosomal dye FM4-64,
we observed an endosomal association with MTs similar to
that observed with SNX1 vesicles (Figure S1).
The association betweenMTs, CLASP and SNX1 vesicles was
particularly evident in cells with high levels of CLASP protein
accumulation on prominent MT bundles. Specifically, SNX1-
RFP colocalized with GFP-CLASP along the coiled MT bundles
that form in leaf epidermal cells of the guard cell lineage (Fig-
ure 3B) (Ambrose et al., 2011; Ambrose et al., 2007; Kirik et al.,
2007) as well as at the prominent transfacial MT bundles at
recently formed cell edges (Ambrose et al., 2011) (Figure 3C).
Similarly, taxol treatment generated prominent cortical MT
bundles along which GFP-CLASP and SNX1-RFP colocalized
(Figure 3D).
As with GFP-TUB6, the association between SNX1-RFP vesi-
cles and GFP-CLASP was dynamic. In contrast to the complete
labeling of MTs by GFP-TUB6, GFP-CLASP typically decorates
MTs nonuniformly (Ambrose et al., 2007; Kirik et al., 2007). Anal-
ysis of time series revealed that SNX1-RFP vesicles were found
overlapping or adjacent to GFP-CLASP domains, where they652 Developmental Cell 24, 649–659, March 25, 2013 ª2013 Elsevierstayed static or moved around within the vicinity of the associ-
ated GFP-CLASP. Similarly, when GFP-CLASP regions moved
or changed shape, the accompanying SNX1-RFP vesicle(s)
moved with the GFP-CLASP (Figure 3E; Movie S2). To quantify
the SNX1-RFP vesicle GFP-CLASP association, we used several
criteria to define association: (1) vesicles must exhibit matching
movement or morphological changes, and (2) static/overlapping
vesicles must remain for 60 consecutive seconds or greater.
Using these criteria for root division zone cells, we found that
89.5% ± 1.9% of SNX1-RFP vesicles associated with GFP-
CLASP (Figure 3F; n = 25 cells, 262 vesicles). These results indi-
cate that CLASP’s role in stabilizing SNX1 vesicles is via a direct,
dynamic association between MT-associated CLASP and SNX1
vesicles.
SNX1 Vesicles Form Dynamic Clusters that Associate
with GFP-CLASP
We observed that most SNX1 vesicles were not solitary but
instead formed tubulo-vesicular clusters that associated with
GFP-CLASP- and GFP-TUB6-labeled MTs (Figure 4). These
vesicular clusters exhibited highly dynamic morphology and
movement, with frequent splitting, fusion, tubulation, and
formation of interconnecting protrusions. Their appearance
and behavior are consistent with that of sorting endosomes in
animal cells, wherein dynamic tubulations and budding facilitate
recycling of membrane cargoes (Maxfield and McGraw, 2004).
We observed that the vesicular clusters typically changed
shape and moved around in relation to GFP-CLASP in a manner
reminiscent of groups of balloons on strings tethered to a single
anchor point. This dynamic tethering is best illustrated in
the time series shown in Movie S3, which shows three ex-
amples of vesicle cluster/CLASP association. CLASP-associ-
ated vesicle clusters can also be shown by projecting all time
points into a single image, which shows red (SNX1-RFP) clusters
of varying size overlapping with or peripheral to GFP-CLASP
domains (Figure 4A). To quantify the spatiotemporal relationship
between SNX1 vesicles and GFP-CLASP, we tracked the move-
ments of RFP-SNX1 vesicles and mapped their paths onto the
corresponding GFP-CLASP channel (Figure 4B). We found
that 91.1% ± 1.5% of SNX1 vesicles resided within vesicle clus-
ters as opposed to being free (Figure 4C; n = 27 cells, 198 vesi-
cles). The montage in Figure 4D shows the association between
GFP-CLASP and SNX1-RFP vesicles over time and corre-
sponds to the middle column example in Movie S3. These
data suggest that the SNX1 vesicle cluster/CLASP association
functions to stabilize SNX1 vesicles, thereby preventing both
their accumulation in large aggregates and their dissociation
from MTs.
clasp-1Mutants Exhibit Enhanced PIN2Degradation but
Retain PIN2 Polar Distribution
Based on the observed accumulation of SNX1 in aggregates in
clasp-1 mutants and the observation of dynamic CLASP-
associated SNX1 vesicles, we hypothesized that CLASP-medi-
ated stabilization of SNX1 vesicles assists in the recycling of
membrane cargo proteins. To test this, we used the auxin trans-
porter PIN2, which is a known SNX1 endosome cargo protein
(Jaillais et al., 2006; Kleine-Vehn et al., 2008c). Using
pPIN2:GFP-PIN2 and anti-PIN2 immunostaining, we found thatInc.
Figure 3. SNX1 Endosomes Associate with CLASP and MTs
(A) Time series of GFP-TUB6-labeled MTs (pseudocolored red for better contrast) and SNX-RFP vesicles (pseudocolored green for contrast). Arrowheads
indicate stably associated vesicles. White/yellow lines depict vesicle tubulations along MTs. See also Movie S1 and Figure S1.
(B) Cotyledon cells of the guard cell lineage showing filamentous SNX1-RFP at the GFP-CLASP cortical coils. Arrowheads indicate overlap along filamentous
structures.
(C) Recently divided cotyledon guard cells showing filamentous SNX1-RFP at the GFP-CLASP stubs at the newly formed cross-wall edge. Arrowheads indicate
overlap along filamentous structures.
(D) Taxol treatment (10 mM, 2 hr) shows punctate/filamentous SNX1-RFP colocalized with cortical GFP-CLASP structures in hypocotyls. Arrowheads show
examples of colocalized areas.
(E) Time series showing matched dynamic morphological/positional changes between GFP-CLASP and SNX1-RFP. Overlap is near complete at the punctate
structure, from which a thin filament (arrowhead) emanates. The filament rotates counterclockwise over time. Other associated punctae are marked with
arrowheads. (See also Movie S2.) Panel at right is the full 90 s compressed along x axis to emphasize comovement.
(F) Quantification of SNX1-RFP vesicle/GFP-CLASP association. Associated (Assoc.) vesicles were defined as described in the Results (n = 5 roots, 25 cells, and
262 vesicles). p < 0.01, Student’s t test.
Scale bars, 5 mM (A–D) and 2.5 mm (E). Time series intervals are 5 s in (D) and 2.5 s in (E). See also Figure S1 and Movies S1 and S2.
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reduced, and fluorescence intensity levels were much weaker
in clasp-1 root tips (Figures 5A, 5B, S2A, and S2B). However,
PIN2 retained its polarized distribution in clasp-1 root tips
(Figures 5C and 5D). The reduced PIN2 expression domain
size prompted us to determine if this reduction resulted from
reduced PIN2 gene expression. To this end, we performed RT-
PCR using cDNAs prepared from root tips of WT and clasp-1Develomutants. No apparent differences in transcript levels were
found (Figure 5E). Protein degradation is a well-characterized
mechanism of regulating PIN2 protein levels under a variety of
conditions (Kleine-Vehn et al., 2008c). Consistent with this, we
frequently observed accumulation of PIN2-GFP in lytic vacuoles
in clasp-1 root tips (Figure 5F).
Because PIN2 is required for root gravitropism, we asked
whether clasp-1 mutants show gravity defects. We found nopmental Cell 24, 649–659, March 25, 2013 ª2013 Elsevier Inc. 653
Figure 4. SNX1 Forms CLASP-Associated
Vesicular Clusters
(A) Time series projections of GFP-CLASP (green)
and SNX1-RFP (red). Clusters appear as large
lumpy clusters adjacent to the stable GFP-CLASP
domains. Three examples are shown. Total time
for each projection is 120 s. Arrowheads corre-
spond by color to the colored traces shown in (B).
(B) The same time series projection of GFP-CLASP
as in (A) but with SNX1 vesicle life histories
mapped. Each colored track represents a different
vesicle.
(C) Percentage of SNX1 vesicles residing within
vesicle clusters. Bars are SE (n = 27 cells, 197
vesicles).
(D) Time series of SNX1-RFP vesicle clusters and
GFP-CLASP in root division zone cells. Top row is
time projection of the entire 120 s series. Arrow-
heads indicate individual vesicles within a cluster.
Vesicle paths are marked with colored lines in
right column. Arrow color in left column matches
colored paths in right column.
Scale bars, 5 mm. See also Movie S3.
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clasp-1 roots, suggesting that the reduced PIN2 levels are
adequate to drive gravitropism (Figure S2C). Double clasp-1
pin2 mutants resembled clasp-1 mutants but, as with pin2,
were agravitropic (Figure S2C). Contrary to a previous report
by Jaillais et al. (2006), snx1-1 mutants exhibited normal root
gravitropism. Given that snx1-1 mutants show a mild reduction
in PIN2 levels (Kleine-Vehn et al., 2008c), these observations
suggest that root gravitropism can occur as long as some
PIN2 is present and properly polarly localized.
To explore the specificity of CLASP’s role in PIN protein
targeting, we analyzed the distribution of PIN1 in clasp-1. Using
immunofluorescence, we found that PIN1 levels were similar to
those observed in WT root tips (Figure 5G).
Taken together, our findings indicate that the PIN2 polar-
targeting machinery remains in clasp-1 but that degradation of
PIN2 is enhanced. The data indicate a role for CLASP in PIN2
trafficking, most likely via SNX1/retromer-mediated prevention
of degradation.654 Developmental Cell 24, 649–659, March 25, 2013 ª2013 Elsevier Inc.MTs Inhibit Degradation of PIN2
to Facilitate Recycling
The enhanced PIN2 degradation in
clasp-1 mutants prompted us to test
whether removal of MTs would also
induce PIN2 degradation. We treated
plants expressing PIN2-GFP with oryzalin
to remove MTs using short-term treat-
ments to avoid potential side effects of
long-term MT removal. Because CLASP-
dependent MT bundles are resistant
to oryzalin (Ambrose et al., 2007; Dho-
nukshe et al., 2012; Kirik et al., 2007),
we used 50 mM oryzalin for 60–90 min to
completely remove CLASP-dependent
MT bundles. Strikingly, oryzalin-treated
plants showed accumulation of PIN2-GFP within enlarged spheroid structures 4 ± 0.2 mm in diameter
within 60 min (Figure 6A). The size and frequency of the struc-
tures match that of lytic vacuoles (Figure 6B) (Kleine-Vehn
et al., 2008c). Long-term treatments at lower concentrations of
oryzalin (10 mM for 16–20 hr) also induced accumulation into
bodies, but to a lesser extent (data not shown). Because clasp-1
mutants contain normal MTs except for the lack of CLASP-
dependent MT bundles, and low oryzalin does not remove
CLASP-dependent bundles, the data suggest a distinct role for
these bundles in inhibiting PIN2 degradation.
clasp-1 Mutants Exhibit Auxin-Related Phenotypes
Previous reports that clasp-1 mutants are dwarf and display
excessive root branching (Ambrose et al., 2007; Kirik et al.,
2007) suggest the presence of auxin-related defects. Based on
the observed PIN2 depletion in clasp-1, we hypothesized that
CLASP controls some aspects of auxin transport. To investigate
this possibility, we tested how clasp-1mutant plants respond to
exogenously applied auxins and auxin polar transport inhibitors.
Figure 5. PIN2 Expression Domain and
Levels Are Reduced in clasp-1 Root Tips
(A) Reduced expression domain and fluorescence
levels of PIN2-GFP in the clasp-1 mutant back-
ground. Boxed areas indicate primary expression
domains. Images are pseudocolored for contrast.
(B) Reduced PIN2-GFP levels in primary clasp-1
root tips. Maximum projections of 40 confocal
slices are shown.
(C) PIN2 retains polarized distribution in clasp-1
root tips. Anti-PIN2 immunolabeling of root tip
epidermal cells.
(D) Fluorescence intensity plot corresponding to
dotted lines in (C). Red, clasp-1; blue,WT. See also
Figure S2.
(E) PIN2 gene expression is normal in clasp-1 root
tips. RT-PCR results from three separate bio-
logical replicates (clasp-1 lanes 1–3; WT lanes
4–6). Control is ubiquitin (UBQ1) (see Experimental
Procedures for details). Each lane is one replicate
(shown are three replicates for clasp-1, and three
replicates for WT).
(F) PIN2-GFP accumulation in enlarged spherical
structures in clasp-1 root tips (arrowhead).
(G) PIN1 immunostaining in WT and clasp-1 root
tips. PIN1 levels and polarity appear to be unaf-
fected in clasp-1.
Scale bars, 100 mm (A) and 5 mm (B, C, F, and G).
See also Figure S2.
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less sensitive than that of WT to the growth inhibitory effects of
indole-3-acetic acid (IAA) (Figures 7A–7C), 2,4-D, and NAA.
When treated with the auxin transport inhibitor NPA, clasp-1
mutants were more tolerant than WT, as evidenced by clasp-1
plants growing to larger size, forming large root calli and narrow
leaves (Figure 7D). Similarly, calli occasionally formed on hypo-
cotyls and roots of clasp-1 seedlings under hormone-free condi-
tions, particularly when grown in the dark (Figure 7E). These
abnormalities are suggestive of anomalies in auxin-response
maxima (Chandler, 2008; Kawamura et al., 2010). We tested
this directly by using the DR5rev:GFP reporter of auxin activity
and found that auxin-response distribution is aberrant in clasp-1
root tips. The DR5:GFP expression domain was shorter than
in WT and often extended up into the lateral root cap, in contrast
to confinement of GFP expression to the columella of WT root
caps (Figure 7F). This distribution pattern was also observed
with DR5:GUS (Figure S3A). The DR5:GFP expression pattern
was also altered in the cotyledons of clasp-1mutants. DR5:GFP
fluorescence was higher throughout both faces of the clasp-1Developmental Cell 24, 649–65cotyledons and frequently was found
to accumulate at tooth-like projections
around the cotyledon edge (Figures 7G
and S3B).
Expression of CLASP was not respon-
sive to treatment with auxins (Figure 7H),
in accordance with recent findings (Dho-
nukshe et al., 2012). Similarly, the ex-
pression of the auxin-responsive gene
IAA5 did not change in clasp-1 seedlings,
either under normal conditions or fol-lowing treatment with NAA (Figure 7I), suggesting that auxin
levels were not globally elevated and that the transcriptional
response to auxin is not altered by the clasp-1 mutation.
With respect to auxin-dependent tissue patterning and growth
responses such as leaf venation, gravitropism, phototropism,
and rooting from cuttings, clasp-1 mutants did not differ from
WT. Taken together, these findings suggest that CLASP func-
tions in a subset of auxin responses.
DISCUSSION
Here, we identify a role for MTs and CLASP in controlling SNX1
vesicle morphology and behavior, which links MT function to
auxin growth responses. Based on our findings, we propose
the following hypothetical model. CLASP and MTs function in
PIN2 recycling, but not in PIN2 polarity determination. Recycling
to the plasma membrane is achieved by CLASP-dependent
recruitment of SNX1/PIN2 vesicles to cortical MTs, thereby
increasing vesicle residency time close to the plasmamembrane
to favor recycling. Importantly, thismechanismprovides ameans9, March 25, 2013 ª2013 Elsevier Inc. 655
Figure 6. Depolymerization of MTs with Oryzalin Induces PIN2-GFP
Accumulation within Lytic Vacuoles
(A) Confocal images of PIN2-GFP in WT plants treated with 0.5% DMSO or
50 mM oryzalin for 90 min. Arrowheads indicate polarized PIN2-GFP. Arrow
indicates lytic vacuoles. Scale bar, 5 mm.
(B) Increased number of lytic vacuoles per cell under oryzalin treatment. Bars
indicate SEM (n = 4 roots each, 100 oryzalin-treated cells, and 126 DMSO
control cells).
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modulate PIN2 levels. Because MTs change configuration in
response to many stimuli (stress, hormones, developmental
state), these changes may result in changes in PIN2 abundance
and hence polar auxin transport.
Our model is consistent with previous studies on PIN
trafficking. SNX1 has been shown to function in maintaining
PIN levels, but not polarity (Kleine-Vehn et al., 2008a). Under
conditions that perturb SNX1 localization, including wortmannin
treatment (Jaillais et al., 2007) and mutation in the retromer
component VPS29 (Jaillais et al., 2007), PIN2 remains polarized,656 Developmental Cell 24, 649–659, March 25, 2013 ª2013 Elsevierwhereas some is internalized within intracellular aggregates.
ARF-GEFs play a key role in establishing PIN polarity, which
results from selective endocytosis following uniform delivery to
the plasma membrane (Dhonukshe et al., 2008). The ARF-GEF
inhibitor BFA causes rapid internalization of PINs and loss of
polarity (Geldner et al., 2003). Longer treatments result in polarity
reversals of PIN1 and PIN2 (Kleine-Vehn et al., 2008a).
The aberrant DR5-based expression patterns in clasp-1 are
consistent with the inability to effectively transport auxin and
establish normal auxin maxima and gradients. Moreover, the
particular auxin maxima abnormalities in clasp-1 are character-
istic of plants with aberrant PIN2 distribution. Removal or disrup-
tion of PIN2 causes ectopic DR5-reporter expression in lateral
root cap cells surrounding the meristem (Jaillais et al., 2006,
2007; Sabatini et al., 1999). The reduction in size and intensity
of the PIN2/SNX1 expression domain in root tips is consistent
with anomalies in polar auxin transport in clasp-1 mutants.
The identification of a direct link between CLASP and SNX1
explains why SNX1 was identified in a screen for tubulin-
binding proteins in Arabidopsis (Chuong et al., 2004). Although
CLASP homologs in animal and yeast cells are known to func-
tion in MT-dependent vesicle trafficking (Chiron et al., 2008;
Efimov et al., 2007; Lowery et al., 2010), SNX trafficking
appears to involve other factors. In mammalian cells, SNX
endosomes require MTs for normal formation and function
through direct binding of SNX5 and SNX6 to the dynein/
dynactin motor complex on MTs (Hong et al., 2009; Wassmer
et al., 2009). Additionally, kinesin motor proteins have been
shown to play a role in sorting endosome morphology and
budding (Schmidt et al., 2009; Skjeldal et al., 2012). The
SNX1-RFP vesicular clusters observed in our analysis closely
resemble the recently described secretory vesicle clusters in
plant cells (Toyooka et al., 2009). Thus, CLASP might have
adopted a unique role in plants for MT-dependent regulation
of sorting endosomes.
In all eukaryotes, sorting endosomes play a key role in deter-
mining the fate of endocytosed cell surface receptors, channels,
and other proteins (Johannes andWunder, 2011). In plants, PINs
have been identified as major targets (Jaillais et al., 2006;
Johannes andWunder, 2011). Following endocytosis, two major
routes are taken, including targeting to the vacuole/lysosome for
degradation (BLOC-1 route) or recycling back to the plasma
membrane (SNX route) (Cui et al., 2010). BLOS1, the Arabidopsis
BLOC-1 complex, has been shown to interact with SNX1 by
yeast two-hybrid and BiFC methods (Cui et al., 2010). RNAi-
induced reduction of BLOS1 levels results in increased levels
of PIN1 and PIN2, indicating BLOS1-mediated degradation
(Cui et al., 2010). Presumably, by reducing the BLOS1-mediated
degradation of PINs, the BLOS-1 RNAi treatment increases
recycling of PINs to the plasma membrane via SNX1. Taken
together, our data provide a possible mechanism by which
changes in MT organization influence PIN protein abundance
and auxin distribution.EXPERIMENTAL PROCEDURES
Plant Materials and Growth Conditions
Arabidopsis thaliana Columbia ecotype plants were grown in continuous light
conditions on vertical agar plates containing Hoagland’s medium. YoungInc.
Figure 7. The clasp-1 Mutant Displays
Auxin-Related Defects
(A and B) clasp-1 exhibits reduced sensitivity
to IAA-induced root growth inhibition compared
to WT. (A) WT and clasp-1 plants grown for 7 days
on 10 nM IAA. (B) Primary root lengths as a
percentage of control for WT and clasp-1 roots
grown for 7 days on 10 nM IAA.
(C) Dose-response curve over a range of IAA
concentrations.
(D) clasp-1 plants grow to larger sizes on
50 mM NPA.
(E) Callus formation on dark-grown clasp-1 seed-
lings grown on hormone-free medium. Arrow-
heads indicate calli.
(F) Distribution of DR5:GFP in root tips of WT and
clasp-1 plants. (See also Figure S3A.)
(G) Distribution of DR5:GFP in cotyledons of WT
and clasp-1 plants. Top images are grayscale;
bottom images are pseudocolor to highlight
intensity variations. Arrowheads indicate tooth-
like projections around the cotyledon edge in
clasp-1. (See also Figure S3B.)
(H and I) CLASP gene expression is unaffected by
treatment with auxins, and clasp-1 has normal
levels and responses of auxin-responsive genes.
(H) NAA. (I) IAA. See Experimental Procedures for
details.
Scale bars, 50 mm. All data are mean ± SEM. See
also Figure S3.
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Sorting Nexin-CLASP Interaction in Auxin Transportexpanding cotyledon cells were imaged at 3–4 days. Root tips were used for
dividing and expanding root cells. For all comparisons between genotypes,
fluorescent marker genes were homozygous for both genotypes to ensure
accuracy of comparison and measurement.
Microscopy and Image Analysis
Images were acquired on a Zeiss Pascal scanning confocal microscope, or
with a PerkinElmer spinning-disk microscope. Images were processed using
ImageJ software (http://rsb.info.nih.gov/ij/), and figures were assembled using
Corel Draw software. For analysis of RFP-TUB6 in root tissues, we drove
expression under the ubiquitin 1 promoter (Ambrose et al., 2011). DR5:GUS
staining was performed as previously described by Sessions et al. (1999).
For quantification of SNX1-GFP vesicles in WT and clasp-1 mutants, vesiclesDevelopmental Cell 24, 649–65were defined as small punctae of <1 mm. The
large aggregations in clasp-1 were excluded for
quantification of vesicles.
Drug Treatments
Plants were grown upright on Hoagland’s media
as described above. For treatment, seedlings
were gently removed from plates and placed in
small wells containing 10 or 100 mM oryzalin
(made fresh from 10 mM DMSO stock) or 0.1%
DMSO. Treatments were typically 10–50 min and
are indicated within the figure legends. Using
GFP-CLASP to visualize MTs, even after 30 min
in 10 mM oryzalin, small GFP-CLASP MT stubs
remained. These stubs are the remnants of
the superstable transfacial bundles recently
described (Ambrose et al., 2011) and are unde-
tectable with fluorescent tubulins due to intense
cytosolic background in oryzalin-treated cells.
Therefore, complete removal of these stubs under
short-term conditions required 100 mM oryzalinfor at least 20 min (during which time cells remained viable as assessed by
cytoplasmic streaming).
For microscopy, roots were cut off at the hypocotyl junction and placed
within coverslip chambers (Nunc) and covered with a thin layer of solidified
1%–1.5% bacto agar to hold them in place. Under these imaging conditions,
roots stayed healthy for over 8 hr (as assessed byDIC or fluorophor localization
patterns).
Yeast Two-Hybrid Analysis
Two yeast two-hybrid screens were conducted. We first used the Gal4BD-
fused CLASP proteins as bait proteins to screen the Arabidopsis cDNA library
(derived from flowers, siliques, and green seeds). The screening procedure
was performed by mating the bait proteins with pretransformed frozen9, March 25, 2013 ª2013 Elsevier Inc. 657
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Sorting Nexin-CLASP Interaction in Auxin Transportprey-library yeast cells (Soellick and Uhrig, 2001). The second yeast two-
hybrid screen was performed by Hybrigenics (Paris) (http://www.
hybrigenics-services.com). The coding sequence for the full-length Arabi-
dopsis thaliana CLASP (GenBank accession number 42570285) was PCR
amplified and cloned into pB27 as a C-terminal fusion to LexA (N-LexA-
CLASP-C) and into pB6 as a C-terminal fusion to Gal4 DNA-binding domain
(N-Gal4-CLASP-C). The constructs were checked by sequencing and used
as a bait to screen a random-primed Arabidopsis thaliana seedlings cDNA
library constructed into pP6. pB27, pB66, and pP6 derive from the original
pBTM116 (Vojtek and Hollenberg, 1995), pAS2DD (Fromont-Racine et al.,
1997), and pGADGH (Bartel et al., 1993) plasmids, respectively.
For the LexA bait construct, 67 million clones (7-fold the complexity of the
library) were screened using a mating approach with Y187 (mata) and L40 D
Gal4 (mata) yeast strains as previously described by Fromont-Racine et al.
(1997). For the Gal4 construct, 74 million clones (8-fold the complexity of the
library) were screened using the same mating approach with Y187 (mata)
and CG1945 (mata) yeast strains. A total of 46 His+ colonies were selected
on a medium lacking tryptophan, leucine, and histidine. The prey fragments
of the positive clones were amplified by PCR and sequenced at their 50 and
30 junctions. The resulting sequences were used to identify the corresponding
interacting proteins in the GenBank database (NCBI) using a fully automated
procedure. A confidence score (predicted biological score) was attributed to
each interaction as previously described by Formstecher et al. (2005). In the
screen performed by Hybrigenics, SNX1 was the only protein ascribed a confi-
dence score of A, suggesting a high likelihood of a genuine interaction. In the
other screen, SNX1 was also identified as the strongest interactor.
RNA Extraction following Hormone Treatments
WT Arabidopsis thaliana seeds were grown on Hoagland’s medium in 1.2%
agar. They were grown for 8 days at 21C and subjected to 24 hr light. Prior
to RNA extraction, seedlings were transferred to 1.2% agar plates containing
Hoagland’s media and an IAA concentration of 10 mM for 10 hr. A control
group was established that contained seeds transferred to plates containing
Hoagland’s medium only (no IAA) for an equivalent time period. Following
treatment, root tips were excised and immediately flash frozen in liquid
nitrogen. NAA treatments consisted of 4 hr in a 0.1% DMSO solution
containing 100 mM NAA or no NAA. Total RNA was extracted using the
RNeasy Plant Mini Kit (QIAGEN) and tested for quality and quantity with
the NanoDrop 2000 (Thermo Scientific, Wilmington, DE, USA). Each RNA
concentration was normalized with ddH20, and cDNA was then synthesized
using Superscript III Reverse Transcriptase (Invitrogen). PCR was used
to amplify the cDNA transcripts using Taq DNA Polymerase (QIAGEN)
and PIN2 primers. cDNA amplification was carried out for 25 cycles at an
annealing temperature of 59C. Primers are listed in Supplemental Experi-
mental Procedures.
BiFC Analysis
Full-length SNX1 and CLASP cDNA (with and without stop codon) were PCR
amplified and cloned into pDONR221 entry plasmid through GATEWAY LR
reactions (Invitrogen), following the manufacturer’s protocol. Primers are
listed in Supplemental Experimental Procedures The PCR products were
sequenced and recombined through BP reaction into BiFC destination
plasmids pUBC-YN/YC and pUBN-YN/YC (a gift from C. Grefen from Plant
Science Group, Glasgow, UK), which encoded the two parts of enhanced
YFP-YN (residues 1–154) and YC (residues 155–238), respectively, gener-
ating fusion proteins with YN or YC at N or C termini (YN-CLASP, YC-
CLASP, CLASP-YN, CLASP-YC, YN-SNX1, YC-SNX1, SNX1-YN, and
SNX1-YC).
The amino acid residues 134–219 of SNX1 were chosen as the partial
sequence used for the BiFC assay, based on the prediction of interaction
from Y2H. The cloning procedures were the same as above, and primer
sequences are shown in the Supplemental Experimental Procedures section.
The various binary plasmids were then transformed into A. tumefaciens
(GV3101) using the Freeze-Thaw method.
Our BiFC assay was performed as described by Li and Nebenfu¨hr, 2010.
Plant cotyledons were examined using a PerkinElmer spinning-disk confocal
microscope. YFP signals were detected using a 540 nm emission filter. Typical
scan times were 5 s; slice thickness was 0.5 mm.658 Developmental Cell 24, 649–659, March 25, 2013 ª2013 ElsevierImmunofluorescence of PINs in Roots
Immunofluorescence was performed on whole-mounted roots as in Ambrose
et al. (2007). Anti-PIN2 and anti-PIN1 antibodies were diluted 1:200 in 3%BSA
solution.
SUPPLEMENTAL INFORMATION
Supplemental Information includes three figures, one table, three movies, and
Supplemental Experimental Procedures and can be found with this article
online at http://dx.doi.org/10.1016/j.devcel.2013.02.007.
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